
THE CLEAN COAL TECHNOLOGY PROGRAM
10 MWe DEMONSTRATION OF GAS SUSPENSION ABSORPTION

FOR FLUE GAS DESULFURIZATION

Frank E. Hsu
Jorgen G. Hedenhag 

AirPol Inc.
32 Henry Street

Teterboro, New Jersey

Sharon K. Marchant
 George W. Pukanic, Ph.D.

Pittsburgh Energy Technology Center
United States Department of Energy

Pittsburgh, Pennsylvania

Verrill M. Norwood, Ph.D.
Thomas A. Burnett

Technology Advancements
Tennessee Valley Authority

Chattanooga, Tennessee

U.S. DEPARTMENT OF ENERGY
FIFTH ANNUAL

CLEAN COAL TECHNOLOGY CONFERENCE
January 7-10, 1997

Tampa, Florida

ABSTRACT

AirPol Inc., with the cooperation of the Tennessee Valley Authority (TVA) under a Cooperative
Agreement with the United States Department of Energy, installed and tested a 10 MWe Gas
Suspension Absorption (GSA) Demonstration system at TVA's Shawnee Fossil Plant near Paducah,
Kentucky.  This low-cost retrofit project demonstrated that the GSA system can remove more than
90% of the sulfur dioxide from high-sulfur coal-fired flue gas, while achieving a relatively high
utilization of reagent lime.

This paper presents a detailed technical description of the Clean Coal Technology demonstration
project.   Test results and data analysis from the preliminary testing, factorial tests, air toxics tests,
28-day continuous demonstration run of GSA/electrostatic precipitator (ESP), and 14-day continuous
demonstration run of GSA/pulse jet baghouse (PJBH) are also discussed within this paper.



I. INTRODUCTION

AirPol, with the assistance of the Tennessee Valley Authority (TVA), demonstrated the Gas
Suspension Absorption (GSA) technology in the Clean Coal Technology project entitled "10 MW
Demonstration of Gas Suspension Absorption."  AirPol performed this demonstration under a
Cooperative Agreement awarded by the United States (U.S.) Department of Energy (DOE) in
October 1990.  This project was selected in Round III of the Clean Coal Technology Program.

This project was the first North American demonstration of the GSA system for flue gas
desulfurization (FGD) for a coal-fired utility boiler.  This low-cost retrofit project achieved the
expected target, which was to remove more than 90% of the sulfur dioxide (SO ) from the  flue gas2

while achieving a high utilization of reagent lime.  TVA furnished its Center for Emissions Research
(CER) as the host site and provided operation, maintenance, and technical support during the project.
The CER is located at the TVA's Shawnee Fossil Plant near Paducah, Kentucky.

The experience gained by AirPol in designing, fabricating, and constructing the GSA equipment
through the execution of this project will be used for future commercialization of the GSA
technology.  The results of the operation and testing phase will be used to further improve the GSA
system design and operation.

The specific technical objectives of the GSA demonstration project were the following:

Demonstrate SO  removal in excess of 90% using high-sulfur U.S. coal.2

Optimize design and operating parameters to maximize the SO  removal efficiency2

and  lime utilization.

Compare the SO  removal efficiency of the GSA technology with existing spray2

dryer/electrostatic precipitator (SD/ESP) technology.  

DOE issued an amendment to the Cooperative Agreement to include the additional scope of work
for air toxics testing and also the operation and testing of a 1 MWe fabric filter pilot plant in
cooperation with TVA and the Electric Power Research Institute (EPRI).  The two-fold purpose of
this additional work was the following:

Determine the air toxics removal performance of the GSA technology.

Compare the SO , particulate, and air toxics removal performance between GSA/ESP2

and GSA/fabric filter systems.

The fabric filter used in this project is a pulse-jet baghouse (PJBH) which can treat flue gas removed
either upstream or downstream of the ESP.  The testing of the PJBH was conducted for both
configurations.



The total budget for the project with the added scope of work was $7,720,000; however, the project
cost was under the budget.  The favorable variance resulted mainly from actual material and
construction costs being much lower than the original estimate.  The performance period of the
project, including the air toxics measurements, PJBH testing, and report preparation was from
November 1990 to June 1995.

AirPol began the design work on this project in November 1990, shortly after award of the
Cooperative Agreement by DOE in October 1990.  At the outset of the project, access to the site at
the CER was delayed for one year by TVA to allow the completion of another project.  That caused
a one-year delay in this Clean Coal Technology project.  The design phase of the GSA project was
completed in December 1991.  The fabrication and construction of the GSA unit was completed
ahead of schedule in early September 1992.  The planned operation and testing of the demonstration
unit were conducted from late October 1992 to the end of February 1994.

II. HISTORY OF THE GSA TECHNOLOGY

The GSA process is a novel concept for FGD that was  developed by AirPol's parent company, F.L.
Smidth miljo a/s in Copenhagen, Denmark.  The process was initially developed as a cyclone
preheater system for cement kiln raw meal (limestone and clay).  This innovative system provided
both capital and energy savings by reducing the required length of the rotary kiln and lowering fuel
consumption.  The GSA system also showed superior heat and mass transfer characteristics and was
subsequently used for the calcination of limestone, alumina, and dolomite.  The GSA system for FGD
applications was developed later by injecting lime slurry and the recycled solids into the bottom of
the reactor to function as an acid gas absorber.  

In 1985, a GSA pilot plant was built in Denmark to establish design parameters for SO  and hydrogen2

chloride (HCl) absorption for waste incineration applications.  The first commercial GSA unit was
installed at the KARA Waste-to-Energy Plant at Roskilde, Denmark, in 1988.  Currently, there are
seventeen GSA installations in Europe; 15 are municipal solid waste incinerator applications, and two
are industrial applications (cement and iron ore reduction).

With the increased emphasis on SO  emissions reduction by electric utility and industrial plants as2

required by the Clean Air Act Amendments of 1990, there is a need for a simple and economic FGD
process, such as GSA, by the small to mid-size plants where a wet FGD system may not be feasible.
The GSA FGD process, with commercial and technical advantages confirmed in this demonstration
project, will be a viable alternative to meet the needs of utility and industrial boilers in the U.S.



Figure 1. Gas Suspension Absorption Process Flow Diagram

III. GSA FGD PROCESS DESCRIPTION

The GSA FGD system, as shown in the Figure 1 Process Flow Diagram, includes:

A circulating fluidized bed reactor.

A separating cyclone incorporating a system for recycling the separated material to
the reactor.

A lime slurry preparation system which proportions the slurry to the reactor via a
dual-fluid nozzle.

A dust collector which removes fly ash and reaction products from the flue gas
stream.

 
The flue gas from the boiler air preheater is fed into the bottom of the circulating fluidized bed
reactor, where it is mixed with the suspended solids that have been wetted by the fresh lime slurry.
The suspended solids consist of reaction products, residual lime, and fly ash.  During the drying
process in the reactor, the moisture in the fresh lime slurry, which coats the outer surface of the



suspended solids, evaporates.  Simultaneously, the lime particles in the slurry undergo a chemical
reaction with the acid components of the flue gas, SO  and HCl, capturing and neutralizing them.2

The partially cleaned flue gas flows from the top of the reactor to the separating cyclone and then to
an ESP (or a fabric filter), which removes the dust and ash particles.  The flue gas, which has now
been cleaned, is released into the atmosphere through the stack.

The cyclone separates most of the solids from the flue gas stream.  Approximately 95% to 99% of
these collected solids are fed back to the reactor via a screw conveyor, while the remaining solids
leave the system as a byproduct material.  Some of these solids recirculated to the reactor are still
reactive.  This means that the recirculated lime is still available to react and neutralize the acid
components in the flue gas.

The pebble lime is slaked in a conventional, off-the-shelf system.  The resulting fresh slaked lime
slurry is pumped to an interim storage tank and then to the dual-fluid nozzle.  The slurry is diluted
with trim water prior to being injected into the reactor.

Automatic Process Adjustment

An effective monitoring and control system automatically ensures that the required level of SO2

removal is attained while keeping lime consumption to a minimum.  This GSA control system, which
is shown in Figure 2, incorporates three separate control loops:

1. Based on the flue gas flow rate entering the GSA system, the first loop continuously controls
the flow rate of the recycled solids back to the reactor.  The large surface area for reaction
provided by these fluidized solids and the even distribution of the lime slurry in the reactor,
provide for the efficient mixing of the lime with the flue gas.  At the same time, the large
volume of dry material prevents the slurry from adhering to the sides of the reactor.

2. The second control loop ensures that the flue gas is sufficiently cooled to optimize the
absorption and reaction of the acid gases.  This control of flue gas temperature is achieved
by the injection of additional water along with the lime slurry.  The amount of water added
into the system is governed by the temperature of the flue gas exiting the reactor.  This
temperature is normally set a few degrees above flue gas saturation temperature to insure that
the reactor solids will be dry so as to reduce any risk of acid condensation.



Figure 2. Gas Suspension Absorption Control System

3. The third control loop determines the lime slurry addition rate.  This is accomplished by
continuously monitoring the SO  content in the outlet flue gas and comparing it with the2

required emission level.  This control loop enables direct proportioning of lime slurry feed
according to the monitored results and maintains a low level of lime consumption.

IV. COMPARISON OF GSA PROCESS WITH COMPETING TECHNOLOGY

Simplicity is the key feature of the GSA system.  The advantages of the GSA system over competing
 technologies are summarized as follows:

Slurry Atomization

The major difference between GSA and competing technologies lies in the way the reagent is
introduced and used for SO  absorption.  A conventional semi-dry scrubber:2



Requires a costly and sensitive high-speed rotary atomizer or a high-pressure
atomizing nozzle for fine atomization,

Absorbs SO  in an "umbrella" of finely atomized slurry with a droplet size of about2

50 microns, 

May require multiple nozzle heads or rotary atomizers to ensure fine atomization and
full coverage of the reactor cross section, and

Uses recycle material in the feed slurry necessitating expensive abrasion-resistant
materials in the atomizer(s). 

The GSA process, on the other hand,

Uses a low-pressure, dual-fluid nozzle,

Absorbs SO  on the wetted surface of suspended solids with superior mass and heat2

transfer characteristics, 

Uses only one spray nozzle for the purpose of introducing slurry and water to the
reactor, and 

Uses dry injection of recycle material directly into the reactor, thereby avoiding
erosion problems in the nozzle or technical limitations on the amount of solids that
can be recycled.

Simple and Direct Method of Lime/Solid Recirculation

The recirculation of used lime is the trend for semi-dry scrubbing systems.  The recirculation of solids
in the GSA system is accomplished using a feeder box under the cyclone, which introduces the
material directly into the reactor.  The recirculation feature commonly used in most other semi-dry
processes has an elaborate ash handling system to convey and store the ash.  The method of
introducing the recirculated material is usually by mixing it with the fresh lime slurry.  The presence
of ash in the lime slurry may cause sediment problems in the slurry lines and excessive nozzle wear.

High Acid Gas Absorption

The GSA reactor is capable of supporting an extremely high concentration of solids (recirculated
material) inside the reactor, which acts like a fluidized bed.  This concentration will normally be as
high as 200-800 grains/scf.  These suspended solids  provide a large surface area for contact between
the lime slurry (on the surface of the solids) and the acidic components in the flue gas.  This high
contact area allows the GSA process to achieve levels of performance that are closer to those of a
wet scrubber, rather than a dry scrubber.  Since drying of the solids is also greatly enhanced by the



characteristic large surface area of the fluidized bed, the temperature inside the reactor can be reduced
below that of the typical semi-dry scrubber.  This lower operating temperature facilitates acid gas
removal in the GSA system.

Low Lime Consumption / Minimum Waste Byproduct Residue

The design of the GSA reactor allows for more efficient utilization of the lime slurry because  of the
high internal recirculation rate and precise process control.  The higher lime utilization (up to 80%)
lowers the lime consumption, thereby minimizing one of the major operating costs.  In addition, the
lower lime consumption reduces the amount of byproduct generated by the system.

Low Maintenance Operation

Unlike typical semi-dry scrubbers, the GSA system has no moving parts inside the reactor, thus
ensuring relatively continuous, maintenance-free operation.  The orifice diameter of the GSA injection
nozzle is much larger than that used in a conventional semi-dry process, and there is little chance for
it to plug.  Nozzle wear is also minimized.  Should the need for replacing the nozzle arise, it can be
replaced in a few minutes.  The cyclone also has no moving parts.  Both the reactor and the cyclone
are fabricated from unlined carbon steel.

The GSA process also has few pieces of equipment.  Most of the equipment is in the lime slurry
preparation area, which typically is an off-the-shelf item, and the technology is well known.

No Internal Buildup

By virtue of the fluidized bed inside the reactor, the inside surface of the reactor is continuously
"brushed" by the suspended solids and is kept free of any buildup.  Internal wall buildup can be a
problem with the conventional semi-dry scrubber.  There is also no wet/dry interface on any part of
the equipment and this avoids any serious corrosion problem.

Modest Space Requirements

Due to the high concentration of suspended solids in the reactor, the reaction occurs in a relatively
short period of time.  A high flue gas velocity of 20 to 22 feet per second as compared to 4 to 6 feet
per second for a semi-dry scrubber, as well as the shorter residence time of 2.5 seconds as compared
to 10 to 12 seconds for a semi-dry scrubber, allow for a smaller diameter reactor which leads to a
considerable reduction in space requirements. 



Short Construction Period

The compact design of the GSA unit requires less manpower and time to be erected as compared to
the typical semi-dry scrubbers.  Despite the relatively complicated tie-ins and extremely constrained
work space, the retrofit GSA demonstration unit at the TVA's CER was erected in three and a half
months. 

Heavy Metals Removal

Recent test results from waste incineration plants in Denmark indicate that the GSA process is not
only effective in removing acidic components from the flue gas but is also capable of removing heavy
metals, such as mercury, cadmium, and lead.  This heavy metal removal capability of the GSA process
at the CER was confirmed by the air toxics tests.

V. PROJECT STATUS AND KEY MILESTONES

The project schedule and tasks involved in the design, construction, and operation and testing phases
are as follows:

Phase I - Engineering and Design     Start   -   End
1.1 Project and Contract Management 11/01/90-12/31/91
1.2 Process Design 11/01/90-12/31/91
1.3 Environmental Analysis 11/01/90-12/31/91
1.4 Engineering Design 11/01/90-12/31/91

Phase II - Procurement and Construction
2.1 Project and Contract Management 01/01/92-09/30/92
2.2 Procurement and Furnish Material 01/01/92-04/30/92
2.3 Construction and Commissioning 05/01/92-09/30/92

Phase III - Operating and Testing
3.1 Project Management 10/01/92-12/31/94
3.2 Start-up and Training 10/01/92-10/14/92
3.3 Testing and Reporting 10/15/92-06/30/95

The parametric optimization tests were completed on schedule in August 1993.  Following the air
toxics testing, which was finished in October 1993, there was a 28 day, around-the-clock
demonstration run from the later October to late November 1993 and a 14-day, around-the-clock
PJBH demonstration run from late February to mid-March 1994.  All testing has been completed and
the project reports have been prepared.



VI. TEST PLAN

A test plan was prepared to depict in detail the procedures, locations, and analytical methods to be
used in the tests.  All of the following objectives were achieved by testing the GSA system:

Optimization of the operating variables.

Determination of stoichiometric ratios for various SO  removal efficiencies.2

Evaluation of erosion and corrosion at various locations in the system.

Demonstration of 90% or greater SO  removal efficiency when the boiler is fired with2

high-sulfur coal.

Determination of the air toxics removal performance.

Evaluation of the PJBH performance in conjunction with the GSA process.

Optimization Tests

The optimization of the  SO  removal efficiency in the GSA system was accomplished through the2

completion of a statistically-designed factorial test plan.  For each test series, the GSA system was
set to operate at a certain combination of operating parameters.  The results of these test series were
analyzed statistically to determine the impact of the parameters, thus arriving at the optimum
operating point for the GSA process at the various operating conditions expected in future
applications.  Operating parameters studied in this phase of the project were the following:

Inlet flue gas flow rate

Inlet flue gas temperature

Inlet dust loading

 Solids recirculation rate

Stoichiometric ratio

Approach-to-saturation temperature

Coal chloride level



Data Collection

The following data were sampled and recorded during the tests by either the computerized data
sampling and recording system (via field mounted instruments) or by manual field determinations: 

Inlet flue gas flow into the system

SO  loading at the system inlet, SO  loading at the ESP inlet and outlet2      2

Flue gas temperature at the system inlet, the reactor outlet, and the ESP outlet

Particulate loading at the ESP inlet and outlet

Fresh lime slurry flow rate and composition (for lime stoichiometry calculation)

Water flow rate

Wet-bulb temperature at the reactor inlet (for approach-to-saturation temperature 
calculation)

Coal analysis (proximate and ultimate)

Lime analysis

Byproduct rate and composition

Water analysis

Power consumption

VII. PRELIMINARY  TESTING

Immediately after the dedication of the AirPol GSA demonstration plant in late October 1992, a series
of preliminary tests was begun.  The purpose of these tests was to investigate the operating limits of
the GSA system as installed at the CER.  The results from several of the preliminary tests completed
at the CER in November and December were very interesting, and these results were used as the basis
for the design of the factorial test program.  During one of the preliminary tests, the approach-to-
saturation temperature in the reactor was gradually decreased and the overall system (reactor/cyclone
and ESP) SO  removal efficiency was monitored over this four-day test.  The overall system SO2             2

removal efficiency increased from about 65% to more than 99% at the closest approach-to-saturation
temperature (5 F).  The other conditions, which remained constant, were 320 F inlet flue gaso          o

temperature, 1.40 moles Ca(OH) /mole inlet SO  for the lime stoichiometry, and essentially no2   2

chloride in the system.  The SO  removal results from this test are shown in Figure 3.2



Preliminary AirPol GSA Test Results
Baseline and Chloride Spiking Tests

Test Conditions:  Inlet flue gas temperature of
313 to 320F, 1.4 stoich, recycle screw speed of

23 to 38 rpm, 3.0% S/0.03% Cl coal, Miss. lime.
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Figure 3.  Preliminary AirPol GSA Test Results

The data from this test show that the SO  removal efficiency increased dramatically as the flue gas2

temperature in the reactor more closely approached the saturation temperature of the flue gas, with
the incremental increases in SO  removal becoming more and more significant as the approach-to-2

saturation temperature declined.  The ability of the GSA system to operate at this close approach-to-
saturation temperature without any indication of plugging problems was surprising.  Later analysis
showed that the moisture level in the solids remained below 1%.

A second extended test was run during December 1992.  This test was run at the same conditions as
the previous test, except that in this test, calcium chloride was added to the system to simulate the
combustion of a high-chloride (about 0.3%) coal.  Previous work by TVA at the CER had
demonstrated that spiking these semi-dry, lime-based FGD processes with a calcium chloride solution
adequately simulated a high chloride coal application.  Again, the approach-to-saturation temperature
was gradually decreased over a four-day period with all other conditions held constant and the overall
system SO  removal efficiency was monitored.  The results from this second test, which are included2

in Figure 3 above, show that the presence of chlorides enhances SO  removal.2



The overall system SO  removal efficiency for the chloride-spiked tests increased from about 70%2

at the high approach-to-saturation condition to essentially 100% at the closer approach-to-saturation
temperature (23 F).  No attempt was made to operate the system at the close approach-to-saturationo

temperatures used in the first test because the SO  removal efficiency was approaching 100%.  In2

addition, there were initially some concerns about  the secondary effect of calcium chloride addition.
Calcium chloride is an ionic salt that tends to depress the vapor pressure of water in the system and
thus, slows the evaporation of water from the slurry.  Calcium chloride is also a hygroscopic material,
which means it has the ability to absorb moisture from the humid flue gas.  The increased moisture
in the "dry" solids allows more reaction with SO , but also increases the potential for plugging in the2

system.  The easiest method for mitigating this potential for plugging is to increase the approach-to-
saturation temperature in the reactor.  However, the moisture levels in the solids during this test
remained below 1%, even at the closest approach-to-saturation temperature.

Another interesting finding from the preliminary testing is that the GSA process is capable of
supporting a very high level of recirculation material in the reactor.  This high solid concentration
inside the reactor is the reason for the superior drying characteristics of the GSA system.  Based on
the results from these initial tests, the recycle rate back to the reactor was doubled prior to starting
the factorial testing.

VIII. FACTORIAL TESTING

The purpose of the statistically-designed factorial test program was to determine the effect of  process
variables on the SO  removal efficiency in the reactor/cyclone and the ESP.2

Based on the successful preliminary testing, the major process design variables were determined,
levels for each of these variables were defined, and an overall test plan was prepared.  The major
variables were approach-to-saturation temperature, lime stoichiometry, fly ash loading, coal chloride
level, flue gas flow rate, and recycle screw speed.  Two levels were determined for nearly all of the
variables, as shown in Table 1 below.  The one exception was the approach-to-saturation temperature
where three levels were defined, but the third level was run only for those tests at the lower coal
chloride level.



Major Variables and Levels for Factorial Testing Table

Variable Level

Approach-to-saturation temperature F 8 , 18, and 28o a

Ca/S moles Ca(OH) /mole inlet SO 1.00 and 1.302   2

Fly ash loading gr/acf 0.5 and 2.0

Coal chloride level % 0.02 and 0.12

Flue gas flow rate kscfm 14 and 20

Recycle screw speed rpm 30 and 45

8 F level run only at the low-chloride levela o

Table 1.  Major Variables and Levels for Factorial Testing

Although the preliminary chloride spiking tests had not been run at an approach-to-saturation
temperature below 23 F, the decision was made to complete these chloride-spiking factorial tests ato

an 18 F approach-to-saturation temperature.  There was some risk in this decision because the watero

evaporation rate decreases at the higher chloride levels.  However, based on previous test work at
the CER, the expectation was that at the lower chloride levels in this test plan, equivalent to a coal
chloride level at 0.12%, the GSA system could operate at the 18 F approach-to-saturationo

temperature condition.

IX. RESULTS OF FACTORIAL TESTING

SO  Removal Efficiency2

The overall system SO  removal efficiency results from these factorial tests have been analyzed, and2

several general relationships have become apparent.  First, as was expected based on previous testing
at the CER, significant positive effects on the SO  removal efficiency in the system came from2

increasing the lime stoichiometry and other factors such as increasing the coal chloride level or
decreasing the approach-to-saturation temperature.  Increasing the recycle rate resulted  in higher SO2

removal, but the benefit appeared to reach an optimum level, above which further increases in the
recycle rate did not seem to have a significant effect on SO removal.  Increasing the flue gas flow rate2 

had a negative effect on the SO  removal in the system.2



AirPol Preliminary SO2 Removal Results

Notes:  All tests conducted at a 320F inlet
flue gas temperature and 25 wt % solids lime
slurry.
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Figure 4.  Overall System SO Removal Results from the GSA Factorial Testing2 

The overall system SO  removal efficiency during these tests ranged from slightly more than 60% to2

nearly 95%, depending on the specific test conditions.  The higher SO  removal efficiency levels were2

achieved at the closer approach-to-saturation temperatures (8 and 18 F), the higher limeo

stoichiometry level (1.30 moles Ca(OH) /mole inlet SO ), and the higher coal chloride level (0.12%).2   2

The lower SO  removal efficiency levels were achieved at the higher approach-to-saturation2

temperature (28 F), the lower lime stoichiometry level (1.00 mole Ca(OH /mole inlet SO ), and theo
2   2

lower coal chloride level (0.02-0.04%).  The data from these factorial tests completed at these
conditions are shown in Figure 4.  The slight scatter in the data in this figure is due to the variations

in the other major process variables in these tests (i.e. flue gas flow rate, recycle screw speed, etc.).
Most of the SO  removal in the GSA system occurs in the reactor/cyclone, with only about 2 to 52

percentage points of the overall system removal occurring in the ESP.  There was substantially less
SO  removal in the ESP than in previous testing at the CER, but the overall system SO  removal2                2

efficiencies appear to be comparable with the GSA process for most test conditions. 



As one would expect, the lime stoichiometry level, which was tested at 1.00 and 1.30 moles
Ca(OH) /mole inlet SO , seems to have the most significant effect on the SO  removal efficiency in2   2           2

the GSA system.

The approach-to-saturation temperature, which was evaluated at three levels of 8, 18, and 28 F foro

the low coal chloride conditions and the two levels of 18 and 28 F for the higher coal  chlorideo

condition, appears to be the second most important variable in the GSA system in terms of the overall
system SO  removal efficiency.2

The third most important variable seems to be the chloride level in the system.  Two coal chloride
levels were tested, the baseline coal chloride level of 0.02 to 0.04% and the equivalent of a 0.12%
coal chloride level.  The higher chloride level was achieved by spiking the feed slurry with a calcium
chloride solution.

One of the most surprising results of this factorial testing was the ability of the GSA system to
operate at an 8 F approach-to saturation temperature at the low-chloride condition without anyo

indication of plugging.  This is even more impressive given the very low flue gas residence time in the
reactor/cyclone.  The second interesting result of this testing was the ability of the GSA system to
operate at the 18 F approach-to-saturation temperature at the higher chloride level.  In theo

preliminary testing at a much higher coal chloride level (0.3%), the lowest approach-to-saturation
temperature tested was 23 F.  No operating problems were encountered in the tests completed at theo

0.12% coal chloride level and 18 F approach-to-saturation temperature conditions.  In fact, theo

average moisture level in the solids remained below 1.0% in all of these factorial tests, even at the
higher coal chloride level.

ESP Performance

The ESP installed at the CER is a relatively modern, 4-field unit with 10-inch plate spacing, similar
in design to several full-scale ESPs installed on the TVA Power System.  This unit has 23-feet-high
plates with 8 parallel gas passages.  The specific collection area (SCA) of the unit is about 440
ft /kacfm under the cooled, humidified flue gas conditions downstream of the reactor/cyclone.  (For2

the untreated flue gas at 300 F, i.e., in a fly-ash-only application, the SCA of this ESP is about 360o

ft /kacfm.)2

The particulate removal performance of this ESP was determined for each of the factorial tests, even
though this was not the primary focus of the testing.  The most important result of this particulate
testing was that the emission rate from the ESP was substantially below the New Source Performance
Standards (NSPS) for particulates (0.03 lb/MBtu) at all of the test conditions evaluated as shown in
Figure 5.  The typical emission rate was 0.010 lb/MBtu.  The  particulate removal efficiency in the
ESP for nearly all of the tests was above 99.9% and the outlet grain loadings were below 0.005
gr/acf.



AirPol GSA ESP Performance Results
ESP Particulate Emissions versus SCA

Notes:  Data from 2-AP and 3-AP series tests.
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Figure 5.  ESP Performance Results from the GSA Factorial Testing

However, during the testing there were disturbing indications of low power levels in the first field of
the ESP, particularly in those tests involving chloride spiking.  In some of these chloride-spiking tests
completed at the high flue gas flow rate (20,000 scfm),  the power level in the first field was only
about 5% of the normal level, effectively meaning that the first field had "collapsed."  Even with these
low power levels in the first field of the ESP, the particulate removal efficiencies were still 99.9+
percent and the emission rate was in the range of 0.010 lb/MBtu.  The cause of these low power
levels in the first field of the ESP is being investigated.  These low power levels could be the result
of a number of factors, including plate-wire alignment problems as observed in a recent internal
inspection.

One surprising result of this ESP testing was that there was no significant improvement in the ESP
performance with increasing SCA.  For some of these tests, the SCA in the ESP approached 800
ft /kacfm and the flue gas velocity in the ESP dropped below 2.0 ft/sec and yet the emission rate2

remained in the same range as in the other tests, i.e., 0.010 lb/MBtu.



Pulse Jet Baghouse Performance

Although not part of the original GSA project, TVA and EPRI had co-funded the installation of a 1-
MWe PJBH pilot plant at the CER to be operated in conjunction with the existing GSA
demonstration.  Later, AirPol and DOE joined in the operation and testing of this PJBH pilot plant
program.  The PJBH pilot plant, which was started up in late January, can pull a slipstream of flue
gas from either the ESP inlet or outlet, as shown in Figure 1.  In the first series of factorial tests, the
PJBH pilot plant pulled flue gas from the ESP inlet and, thus, treated flue gas with the full particulate
loading (3 to 5 gr/acf) from the GSA reactor/cyclone.  The inlet flue gas flow rate was about 5,000
acfm, which corresponds to an air-to-cloth ratio (A/C) of 4.0 acfm/ft  in the PJBH.  During the2

second series of factorial tests, the PJBH pilot plant pulled flue gas from the ESP outlet.  The same
inlet flue gas flow rate was treated (5,000 acfm), but two-thirds of the bags were removed prior to
this testing and thus, the A/C for these tests was 12 acfm/ft .2

The cleaning of the bags in the PJBH was pressure-drop-initiated during this testing with the cleaning
cycle beginning whenever the tubesheet pressure drop reached 6 inches of water.  The cleaning
continued until the tubesheet pressure drop had declined to about 4-1/2 inches of water.  The bags
were cleaned by a low-pressure, high-volume, ambient air stream delivered by a rotating manifold.

SO  Removal Efficiency for Reactor/Cyclone/PJBH System2

The SO  removal efficiency in the reactor/cyclone/PJBH system was typically about 3-5 percentage2

points higher than that achieved in the reactor/cyclone/ESP system at the same test conditions.  This
higher SO  removal efficiency in the PJBH system was not unexpected given the intimate contact2

between the SO -laden flue gas and the solids collected on the outside of the bags as the flue gas2

passed through the filter cake and the bags before being discharged to the stack.  However, it should
be noted that most of the SO  removal occurred in the reactor/cyclone;  the PJBH SO  removal2         2

efficiency, based on the inlet SO  to the reactor, contributed less than 8 percentage points to the2

overall system SO  removal efficiency during this testing.2

Particulate Removal

The particulate removal efficiency in the PJBH was 99.9+ percent for all of the tests completed with
the full dust loading from the GSA reactor/cyclone.  The emission rate for all of these tests was well
below the New Source Performance Standards for particulates and was typically in the range of 0.010
lb/MBtu.



X. AIR TOXICS TESTING

The air toxics tests, which followed the factorial tests, were conducted during September and
October, 1993.  The objectives of these tests were to:

Determine emissions and net removal efficiency of hydrogen chloride (HCl), hydrogen
fluoride (HF), total particulate matter and trace metals.  The trace metals  included
antimony (Sb), arsenic (As), barium (Ba), beryllium (Be), cadmium (Cd), chromium
(Cr), cobalt (Co), lead (Pb), manganese (Mn), mercury (Hg), nickel (Ni), selenium
(Se) and vanadium (V).

Evaluate the impact of the particulate control device configuration (ESP alone, PJBH
alone, or ESP plus PJBH in series) on final emissions of hazardous air pollutants.

Compare the emissions of HCl, HF and trace metals with and without the injection of
lime slurry.

The tests were conducted in two configurations, i.e. with the PJBH in series and parallel with the
ESP.  Two test conditions were evaluated for each configuration: baseline, with no lime introduction
into the system; and demonstration, with lime slurry injection.  Three simultaneous sampling runs
were performed at each of the four permutations.  The streams sampled are shown in Table 2.

Type of Sample Location 

Gaseous GSA inlet, ESP inlet, ESP outlet, PJBH inlet and PJBH outlet

Aqueous Lime slurry and trim water

Solid Coal, GSA cyclone, ESP field 1, ESP field 2,3,4, PJBH hopper and re-
injected fly-ash

Table 2.  Sampling Locations For The Air Toxics Tests.

All of these tests were completed while the boiler was burning the high-sulfur (2.7%), low-chloride
Andalex coal and were run at the high flue gas flow rate (20,000 scfm) and the high fly ash loading
(2.0 gr/acf) test conditions.  The baseline tests were performed at 270 F GSA reactor inleto

temperature to protect the acrylic bags in the PJBH.  The demonstration tests operated at  320 Fo

GSA reactor inlet temperature, with a 12 F approach to saturation temperature at the GSA outlet.o

XI. RESULTS OF AIR TOXICS TESTING

Tables 3 and 4 present the removal efficiencies and uncertainties of the baseline and demonstration
case with varying ESP and baghouse configurations.  Removal efficiencies for beryllium and nickel
were not determined due to analytical laboratory error.  The removal efficiency for most trace metals
is generally over 90 percent.  Caution is required when reviewing the removal efficiency of antimony,



since most of the antimony measurements were below detection limits.  Mercury concentration was
also low.  Only trace levels of mercury, i.e. close to the method detection limits, could be detected
in the baseline and parallel tests.  The removal efficiency for mercury appears to fall in the 50%-95%
range.

The GSA/ESP arrangement indicated average removal efficiencies of greater than 99 percent for
arsenic, barium, chromium, lead and vanadium.  Removal efficiencies are significantly less than 99
percent for antimony, manganese, mercury and selenium.  Lower removals for mercury and selenium
are expected because of the volatility of these metals.

The GSA/PJBH configuration showed 99+ percent removal efficiencies for arsenic, barium,
chromium, lead, manganese, selenium and vanadium.  Cadmium removal was much lower with this
arrangement than any of the other arrangements in both baseline and demonstration tests.  Mercury
removal efficiency for this arrangement was lower than with the GSA/ESP arrangement.

The removal of HCl and HF was dependent on the utilization of lime slurry and was relatively
independent of particulate control device configuration.  The removal efficiencies ere greater than
98% and 96% for HCl and HF, respectively.



GSA + ESP Series GSA + ESP Parallel GSA + FF Parallel GSA + ESP + FF Series

Parameter Reported RE Uncertainty Reported RE Uncertainty Reported RE Uncertainty Reported RE Uncertainty
(%) (%) (%) (%) (%) (%) (%) (%)

Total Total Total Total

Antimony 89.71 18.38 96.91 13.49 97.68 14.17 89.67 17.10

Arsenic 98.74 8.17 98.48 8.14 99.83 8.10 99.98 8.11

Barium 98.37 7.81 99.58 7.92 99.54 7.92 99.69 7.77

Cadmium 97.42 10.99 86.98 11.31 71.40 13.11 94.03 10.85

Chromium 99.09 8.63 98.14 9.24 99.46 9.23 99.65 8.47

Cobalt 98.38 9.55 98.24 9.52 98.68 9.51 98.66 9.51

Lead 98.79 9.47 97.36 9.16 99.51 9.16 99.69 9.35

Manganese 99.20 9.13 98.28 9.36 99.57 9.24 99.77 9.13

Mercury 79.15 38.24 66.38 11.71 31.97 527.49 94.45 14.26

Selenium 73.05 28.46 81.56 35.36 99.93 9.49 99.11 10.41

Vanadium 98.73 13.98 98.71 13.00 99.07 12.90 99.17 13.74

Particulate 99.59 9.70 99.52 4.16 99.86 4.16 99.90 9.70

HCl --- --- --- --- 7.71 478.82 -12.38 370.75

HF --- --- --- --- 22.08 488.02 -73.24 248.95
Table 3.  Baseline Tests Removal Efficiencies and Uncertainties



GSA + ESP Series GSA + ESP Parallel GSA + FF Parallel GSA + ESP + FF Series

Parameter Reported RE Uncertainty Reported RE Uncertainty Reported RE Uncertainty Reported RE Uncertainty
(%) (%) (%) (%) (%) (%) (%) (%)

Total Total Total Total

Antimony 84.72 37.99 98.78 14.24 98.65 14.20 95.01 18.59

Arsenic 99.96 8.37 96.36 47.79 99.98 8.24 99.99 8.37

Barium 99.63 8.80 92.72 90.19 99.49 9.44 99.74 8.81

Cadmium 98.68 10.77 93.27 64.71 78.63 20.31 97.37 11.73

Chromium 99.48 9.58 95.11 58.92 99.50 8.85 99.66 9.60

Cobalt 98.66 9.48 94.27 64.39 98.91 9.47 99.13 9.62

Lead 99.88 9.08 92.08 107.09 99.61 9.51 99.88 9.07

Manganese 92.44 33.45 95.58 53.68 99.13 10.18 99.87 9.67

Mercury 88.27 24.72 -38.89 1918.94 49.23 136.17 90.16 27.34

Selenium 76.87 88.86 99.81 10.34 99.80 10.32 99.96 10.18

Vanadium 99.18 13.87 93.37 75.62 99.00 12.50 99.46 13.90

Particulate 99.86 3.63 96.63 43.05 99.94 4.00 99.96 3.62

HCl --- --- --- --- 99.96 11.85 98.71 13.03

HF --- --- --- --- 96.82 14.67 98.99 12.81
Table 4.  Demonstration Tests Removal Efficiencies and Uncertainties



XII. DEMONSTRATION RUN

28-day GSA/ESP Demonstration Run

The 28 day demonstration run, with GSA operating in conjunction with ESP only, started on October
25, 1993 and ended on November 24, 1993.  This demonstration run began with the boiler burning
the high-sulfur (2.7%), low-chloride Andalex coal and test conditions of: 320 F inlet flue gaso

temperature; 18 F approach-to-saturation temperature; 1.5 gr/acf fly ash injection; 0.12 percent coalo

chloride level; 20,000 scfm flue gas flow rate; and 30 rpm recycle screw speed.  The SO  control2

mode was engaged for this run with an overall system SO  removal efficiency set-point of 91 percent.2

Due to some problems encountered in obtaining the test coal, a switch was made to burning a higher-
sulfur (3.5%) coal for a period of time.  The Ca/S ratio averaged 1.40 - 1.45 moles of Ca(OH) /mole2

inlet SO  during this demonstration run.2

The demonstration run showed that all three of the major objectives were successfully achieved.

The overall system SO  removal efficiency averaged 90-91 percent, i.e., very close to2

the set-point.  The switch to the higher-sulfur coal demonstrated the flexibility of the
GSA system

The particulate removal efficiency was good at an average of  99.9+  percent, with an
emission rate below 0.015 lbs/MBtu.

The GSA system demonstrated the reliability of this technology by remaining on-line
for the entire 28-day period that the boiler was operating.

14-day PJBH Demonstration Run

The purpose of the 14-day demonstration run was to demonstrate that the GSA system
(reactor/cyclone/PJBH), as installed at the CER, could operate reliably and continuously, while
simultaneously achieving 90+ percent SO  removal and maintaining the PJBH outlet emissions below2

the NSPS for particulates.

The specific design test conditions for this run were the same as those used for the previous 28-day
GSA demonstration, except that the fly ash addition rate was reduced slightly from 1.5 to 1.0 gr/acf.
This demonstration run was successfully completed in March 1994, and the following observations
were made.

The overall system (reactor/cyclone/PJBH) SO  removal efficiency averaged more2

than 96 percent during the entire 14-day demonstration run.



The  average Ca/S level during this run ranged from about 1.34 to 1.43 moles
Ca(OH) /mole inlet SO .2   2

The PJBH particulate removal efficiency averaged 99.99+ percent.  The emission rate
was 0.001 to 0.003 lbs/MBtu.

XIII. ECONOMIC EVALUATION

Under the scope of this project, Raytheon Engineers & Constructors prepared an economic
evaluation of the GSA FGD process using the same design and economic premises that were used
to evaluate about 30-35 other FGD processes for the Electric Power Research Institute.  The relative
process economics for the GSA system were evaluated for a moderately difficult retrofit to a 300-
MW boiler burning a 2.6 percent sulfur coal.  The design SO  removal efficiency was 90 percent.2

The resulting capital cost estimate (in 1990 dollars) is shown in Table 5 together with the estimate
for the conventional wet limestone, forced-oxidation (WLFO) scrubbing system.  The total capital
requirement of $149/kW for the GSA process is substantially lower than the $216/kW for the WLFO
system.  The significant reduction in capital is primarily due to lower  costs in the SO  absorption2

area.

Total Capital Investment Comparison
(1990 $, 300-MW, 2.6% S coal)

$/kW

Area GSA WLFO

Reagent Feed 25 37

SO  Removal 38 712

Flue Gas Handling 18 24

Solids Handling 5 7

General Support 1 2

Additional Equipment 4 4

Total Process Capital 91 145

Total Capital Requirement 149 216
Table 5.  Total Capital Investment Comparison



The levelized annual revenue requirements for the two processes (in 1990 dollars) are shown in Table
6.  The levelized annual requirement for the GSA process is somewhat lower than that for the WLFO
system.  The principal operating cost for the GSA process is the cost of the pebble lime.

LEVELIZED COSTS
(300-MW, 2.6% S coal, 15-year levelizing)

Mills/kWh

Fixed Costs WLFOGSA

Operating Labor 0.52 0.66

Maintenance 1.49 1.74

Administrative and Support Labor 0.34 0.41

2.35 2.81

Variable Costs

Raw Material 1.82 0.65

Solids Disposal 0.86 0.57

Water 0.01 -

Steam - 0.55

Electricity 0.47 1.16

3.16 2.93

Fixed Charge (Capital) 5.40 7.30

Total 10.91 13.04
  Table 6.  Levelized Costs

XIV. COMMERCIALIZATION

One of the objectives of this demonstration project was for AirPol to establish its capability in
designing, fabricating, and constructing the GSA system so that the demonstrated technology can be
effectively commercialized for the benefit of the U.S. electric utility and industrial markets.  The
progress of this demonstration project matches very well with the development of the utility  FGD
market.  The GSA technology is now being commercialized in order to meet the Phase II Clean Air
Act Amendments (CAAA) compliance requirements.



During the course of designing the demonstration unit, an effort was made by AirPol to standardize
the process design, equipment sizing, and detailed design so that the installation  of a commercial unit
can be accomplished within a relatively short time frame.  Furthermore,   equipment design was
simplified, resulting in reduced material and construction costs.  With the confidence that the GSA
system is capable of achieving the required levels of performance, AirPol has developed a standard
design of scale-up units.  

The successful effort from the project has resulted in a commercial application in Ohio.  AirPol has
a GSA system for a 50 MWe municipal boiler burning Ohio coal as its first commercial utility
installation in the United States.  The state of Ohio, in conjunction with the Ohio Coal Development
Office, awarded the city of Hamilton a grant to install a GSA system in the city's municipal power
plant.  In order to meet the requirements of the CAAA, it has been necessary to burn relatively
expensive, low-sulfur coal in this plant.  The installation of the GSA will allow the city to meet
environmental regulations while using high-sulfur Ohio coal for power generation.

The pollution control equipment in existence at Hamilton was a hot-side electrostatic precipitator
(ESP).  This precipitator was undersized from inception, and never worked well.  Several alternatives
for this ESP were considered in connection with the installation of the GSA:

(1) Install the GSA upstream of the ESP and extend the unit to attain sufficient capacity.

(2) Use the ESP as primary dust collector upstream of the GSA with a new final dust collector     

(3) Demolish the ESP and replace it with the GSA and new final dust collector

(4)  Leave the ESP in place, de-energize it, and connect the GSA with final collector downstream

The fourth alternative was finally selected and the GSA was connected to the existing exhaust stack
downstream of the ID fan.  A long duct from the stack crosses a roadway and drops down and enters
the GSA reactor.  After passing through the reactor and cyclone, the flue gas enters a fabric filter of
the pulse-jet type and continues to a new ID fan that returns the cleaned flue gas to the exhaust stack
just above the point where it left to enter the GSA.

A lime preparation system  adjacent to the GSA with lime silo, slurry tank with agitator, and a slurry
pump produces a lime slurry of 20% concentration that is pumped to the reactor.  The by-product
collected in the fabric filter is gathered in screw conveyors and transported pneumatically to a by-
product silo, from where it is removed by truck to landfill.



The technical data for the Hamilton installation are as follows:

Boiler Capacity 50 MWe
Type of Boiler Pulverized Coal 
Type of Coal Ohio 3% + sulfur
Gas Volume 224,728 ACFM
Gas Temperature 320 Fo

Moisture Content 7.8 % by Volume
Oxygen Content 4.6 % by Volume
Particulate Content 2 gr/SCFD
SO  Content 2,612 PPMd2

SO  Removal 90 % Design2

Another GSA installation for a fossil fuel boiler is being installed in Kaohsiung, Taiwan.  The
installation is in a sugar refinery where two oil fired boilers each have a dedicated GSA.  The larger
boiler has a steam generating capacity of 100 TPH, while the smaller one generates 35 TPH.
Both GSA units are equipped with fabric filters, dual ID fans, and a gas recirculating system.  The
reason for the dual fans and the recirculation is that both boilers have great load swings, and in order
to attain the required SO  removal efficiency, the GSA must run with at least 50% of design gas2

volume.  When the boiler capacity is reduced below the design capacity, a portion of the flue gas is
recirculated via a separate fan from the outlet of the fabric filter to the inlet of the GSA reactor to
maintain minimum design gas flow.

Both systems operate with hydrated lime, and calcium chloride is added from a storage tank in order
to enhance the acid gas absorption.  Due to the fact that the oil firing generates minimal amounts of
particulates,  by-product from the by-product silo is returned to the reactor to create particulate
nuclei for lime slurry.  

The cleaned flue gases from the two systems enter an existing masonry exhaust stack.  Before the
gases reach the stack they  pass  a steam heated coil that increases the gas temperature to reduce the
visible steam plume from the stack.

The technical data for the two plants are as follows:

Boiler Steam Rating 100 TPH 35 TPH
Type of Fuel Oil #6 Oil #6
Gas Volume 97,554 ACFM 27,748 ACFM
Gas Temperature 298 F 280 Fo  o

Moisture Content 13.36 % by Volume 3.5% by Volume
Oxygen Content 1.96 % by Volume 1.74 %by Volume
Particulate Content 2.4 gr/SCFD 2.3 gr/SCFD
SO  Content 510 PPMd 517 PPMd2

SO  Removal 80 % Design 80 % Design2



In addition to the Hamilton and Taiwan installations, approximately 20 GSA plants for refuse and
hazardous waste incineration are in operation, most of them in Europe.  Some of these installations
have very sophisticated control equipment for NOx, furans, and dioxins with extremely low outlet
concentrations.   

XV. DISCLAIMER

Reference in this report to any specific commercial product, process, or service is to facilitate
understanding and does not necessarily imply its endorsement or favoring by either DOE or TVA.


